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Abstract 
Existence of high quality caprocks is one of the necessary conditions to realize effective geological sequestration of CO2. 
Existing measures for the evaluation of caprock sealing ability cannot represent the sealing effect of formation thickness. New 
quantitative measures for characterizing the sealing ability of caprock with pore networks were developed for CO2 geological 
storage. The new measures, actually as a synthesis of numerous conventional and commonly used parameters, are related to the 
maximum pressure the caprock can sustain to prevent the CO2 leak to the topmost position of the caprock. The measures are 
capable of reflecting the role that formation thicknesses play in addition to the traditional capillary sealing mechanism and the 
formation pressure sealing mechanism. It is also anticipated the new measures are applicable to evaluations of natural gas 
caprocks. Case study shows that the new measure usually predicts higher sealing ability than that by the traditional measure 
mainly due to the consideration of formation thickness. 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Existence of good seals is one of the necessary conditions to realize effective geological sequestration of CO2 [1]. 
Caprocks, usually acting as a typical seal, are rock layers with very low permeability that can seal off the CO2 in the 
storage formations. The sealing efficiency or capacity of caprocks needs to be assessed in suitability evaluation and 
site screening for CO2 storage [2]. One of the key issues in caprock sealing efficiency assessment is to develop 
quantitative measures to characterize the sealing ability of caprock based on the sealing mechanism. There are 
various types of potential leakage pathways of stored CO2. Typically are the connected pore networks and the seal 
bypass system such as faults, fractures, sandstone injectites or other intrusions, dissolution pipes, and sedimentary 
architecture, abandoned wells [3, 4, 5]. These potential leakage pathways can be either geologically protosemitic or 
created by loss of integrity of caprocks [4, 6, 7]. Of all these pathways, capillary leakage through the pore networks 
plays a fundamental role and has been investigated the most. 
The sealing mechanisms for CO2 storage actually are quite similar to that of hydrocarbon caprocks, which include 
capillary sealing mechanism, overpressure sealing mechanism, concentration sealing mechanism, and synthetic 
sealing mechanism composed of two or more sealing mechanisms [8, 9]. Currently breakthrough pressure (or 
displacement pressure, entry pressure, threshold capillary pressure [10, 11])  is widely accepted as the primary 
measure to characterize  the capillary sealing ability of caprock with pore networks in both societies of  the 
traditional hydrocarbon traps and CO2 storage. This measure has been widely used in existing investigations of 
caprock sealing ability in both hydrocarbon and CO2 fields. But what role the thickness of caprock plays is not well 
characterized quantitatively. The thickness-independent measures of caprock may be proper for hydrocarbon traps, 
but not sufficient for CO2 storage [12].  This is because CO2 storage may have different control target and CO2 may 
have distinct interactions with caprock comparing to natural gas. Although some researchers think the sealing ability 
is independent of caprock thickness [13], yet others think thickness indeed has sealing effect [14, 15]. In some 
caprock evaluation methodologies, caprock thickness is employed as one of the necessary indexes [16, 17]. Some 
researchers found that when there exists path dependant resistances such as adsorption resistance [14] and starting 
pressure gradient [8, 18], the caprocks thickness will play a role in sealing ability. However, no test data on starting 
pressure gradient of CO2 in caprocks are found in literature, and some other researchers even doubt the existence of 
the concept [19]. So it needs to be studied further. In addition, breakthrough time or leakage rate is also discussed as 
the indexfor the selection of caprocks [20]. But they are also challenged by other researchers [21]. We think that 
breakthrough time or leakage rate cannot be the direct measure of the sealing ability of a specific caprock and cannot 
be applied to measure the sealing ability of natural gas caprocks either.  
In laboratory, the breakthrough pressure (or displacement pressure et al.) is usually obtained on a specimen who 
represents a Representative Element Volume (short for REV later), while a caprock is a structure composed of REVs. 
So it is obvious that this REV based concept cannot represent the structural characteristics of a caprock. On the other 
hand, if we treat the caprock as a structure, it is possible to construct a thickness-dependent measure for sealing 
ability even only the capillary sealing mechanism is considered. Based on this idea, new quantitative measures that 
can synthetically consider several seal mechanism will be developed for characterizing the sealing ability of caprock 
with pore networks in CO2 geological storage. It is anticipated they are applicable to evaluations of natural gas 
caprocks, too.  
2. Model and quantitative measures 
An effective measure or methodology for caprock evaluations may have several characteristics as following: (1) 
simplicity, (2) fewer and easy-to-determine parameters, and (3) covering the old measure and including new ability.  
Several assumptions and declarations need to be presented to show the research object and conditions before 
struggling to these targets. 
Assumptions or declarations:  
(1) The quantity of CO2 in the reservoir pores is finite and definite. 
(2) CO2 dissolution in the water of caprock will not be considered. 
(3) Only capillary sealing and overpressure sealing are considered on the REV scale. 
(4) Temperature changes will not be considered. 
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(5) The caprock and the reservoir are respectively homogeneous. 
To make the statement clearer, a sketch of reservoir-caprock pair of CO2 is shown in Fig.1. The thickness, 
porosity and breakthrough pressure of the caprock are respectively Cl , CI and bP . For the reservoir, its thickness and 
porosity are respectively Rl and RI . The breakthrough pressure of reservoir is usually far smaller than that of the 
caprock and will be ignored here. All the following discussions and derivations will be all on a Unit Width Zone 
(UWZ) marked in Fig.1.  
We start from redefining the sealing ability of a caprock structure rather than an REV as the maximum pressure it 
can sustain to prevent the CO2 from leaking to its topmost point. To obtain this pressure, we conceive that there is an 
occasion the reservoir is injected a certain amount of CO2whose pressure is 1maxP .The CO2 on this occasion will be 
subsequently referred to as State 1. As 1maxP  is greater than the sum of formation pressure and breakthrough pressure 
of the caprock, CO2 will migrate to the caprock gradually. During the “leakage” process, the CO2 pressure in the 
reservoir will gradually decrease, too.  When CO2 reaches the topmost position A of the caprock, it may stop there 
because of the prevention of the formation pressure and the breakthrough pressure at A. There exist a critical state 
that the CO2 pressure just equals to the sum of the formation pressure and the breakthrough pressure at A. At this 
state, later referred to as State 2, CO2 will fill the whole space of the UWZ.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 Sketch of reservoir-caprock pair of CO2 
 
At State 1, CO2 needs to satisfy the equation of state, i.e. 
1 1 11max R R RP V Z nRT    (1) 
Where, n is he number of CO2 moles, Z is the compression factor of CO2 at State 1, R is the universal gas constant, and V represents the volume of CO2. T is the temperature. Subscript 1 represents State 1 and subscript R 
means reservoir. 
At State 2, we have 
2 & 2 & 2 & 2 &R C R C R C R CP V Z nRT                                                                                                                       (2) 
The symbols in equation (2) have the same meaning as that in equation (1), while the subscript 2 represents State 
2. Subscript R&C means reservoir plus caprock. 
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Combing equations (1) and (2) we have, 
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(3) 
The volume of CO2 in State 1 and State 2 can be represented as 
1 1 1R R R RV S l I                                                                                                                                                  (4) 
and 
22 2& R R R CC CR CS S lV l I I                                                                                                                            (5) 
Where S is the saturation of CO2, subscript C represents caprock. 
In State 2, the pressure of CO2 is equal to the sum of formation pressure and the breakthrough pressure of the 
caprock, i.e.  
2 & = +R C FbP P P                                                                                                                                                  (6) 
Where PF  is the formation pressure (including the possible over pressure) of caprock. 
Substituting (4)-(6) to (3) we have, 
 
   1 1 2 21
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+R R R R R C C Cmax b F
R C R C R R R
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(7)
  
 
P1max in (7) is the developed measure to characterize the sealing ability of caprock.  Equation (7) shows that it is 
the caprock and reservoir together determine the sealing ability of the caprock. In other words, the sealing ability is 
the characteristics of the whole system, or the sealing ability of caprock is relative to the reservoir. In addition to the 
traditional factor breakthrough pressure, porosity, saturation, temperature and thickness will also affect the sealing 
ability of a carprock. Lucky is that these are conventional parameter commonly used in routine evaluations. So the 
new measure does not add new difficulties to obtaining the parameters. 
In State 2, saturations of CO2 S2Cand S2R need to be determined first. In our subsequent application example, the 
brine in the caprock is considered to be fully displaced by CO2 and only residual saturation SCr is left, so S2C=1-SCr. 
Meanwhile, in the reservoir, the volume of brine in the reservoir should be less than or equal to its initial volume, so 
S2R should be greater than or equal to S1R. 
Moreover, in the right hand side of equation (7), compression factor 1RZ is relating to imaxP which is still to be 
determined. To deal with this, there may be two approaches. The first is, under given temperature condition 1RT ,an 
explicit fitting function , for example ( , )Z P T with  P-Z data pairs can be obtained, then  (7) can be re-expressed as 
   1 1 2 21
2 & 2 & 1 1
( , )
+imax R R R R R C C Cmax b F
R C R C R R R
Z P T T S l S l
P P P
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(8)
  Thus P1max can be solved from the equation (8). 
A second approach is to re-define the sealing ability of caprock as the ratio of maximum pressure and 
compression factor 1 1/max RP Z , i.e. 
   1 2 21
1 2 & 2 & 1 1
+R R R R C C Cmax b F
R R C R C R R R
T S l S lP P P
Z Z T S l
I I
I
 
                                                                                                 
(9) 
This, on one hand, can avoid determining 1RZ , on the other hand, will lose the intuition of the sealing ability 
measure a little bit.  
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 If one would like to roughly evaluate the sealing ability of a caprock fast at fixed formation temperature 
condition, the compression factors can be omitted, which actually is equivalent to use constant compression factors. 
Thus measure in (7) will be reduced to, 
 2 21
1 1
+R R R C C Cmax b F
R R R
S l S lP P P
S l
I I
I
                                                                                                          (10)  
  This equation more clearly expresses the role that thicknesses of caprock and reservoir play.                                         
 
3. Application example  
3.1 Case description 
To demonstrate the newly developed measure, we would like to take Liujiagou formation in Shenhua CCS 
demonstration project as an example. Shenhua CCS demonstration project represents one of China’s explorations to 
large scale-high efficiency CO2 reduction approaches under the context of confronting climate change, which 
locates in Chen family village, Ulan Mulun town, Ejin Horo Banner of Ordos city, Inner Mongolia. It is China’s first 
full processes project of CO2 capture, transportation and deep saline aquifer storage aiming at storing 300,000 
tonnes of CO2 from direct coal liquefaction plant in three years [22]. Now altogether five formations are employed 
simultaneously as the CO2 target reservoirs and the lithologic–stratigraphic column can be found in the work by Wu 
[23] and by Liu et al [24]. Liujiagou formation is the topmost reservoir and one of the primary reservoirs determined. 
According to a recent VSP monitoring, 80% of the CO2 entered the Liujiagou reservoir and the left enters the others, 
and no CO2 is found to leaks to the above formations. But actually Liujiagou formation is full of heterogeneity 
according to the logging results.  We built a finer model of Liujiagou formation based on the analysis on the logging 
data, see Fig.2.  In this figure, C1 through C6 are layers with extremely low permeability which are also called 
caprocks here, and R1 through R6 are the layers with relativley higher permeability which will be called reservoirs. 
R0 and C7 are the boundary layers respectively belonging to Heshanggou formation and the Shiqianfeng formation. 
 
 
 
Fig.2 Sub-layers in Liujiagou formation 
 
Here for this case study, equation (9) will be adopted. Table 1 lists the parameters of all the layers for the new 
measure. The values of these parameters are determined according to the logging data and lab tests. The 
compression factor Z2R&C at State 2 is computed with the physical data from NIST chemistry web book [25]. 
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Table 1 Layer specific properties  
 
Parameter Layers in Liujiagou formation 
C1 R1 C2 R2 C3 R3 C4 R4 C5 R5 C6 R6 
Porosity (%) 7.2 8 2 8 2 8 2 8 10.8 8 2 10.6 
Temperature 
(ć)      55       
Thickness(m) 8 6 5.5 9 5.4 26 12 12 9 9.2 4 9 
Formation 
pressure (MPa) 16 16 16 16 16 16 16 16 16 16 16 16 
Breakthrough 
pressure 
(MPa) 
1 0.7 1 0.7 1 0.7 1 0.7 1 0.7 1 0.7 
S1R - 0.7 - 0.7 - 0.7 - 0.7 - 0.7 - 0.7 
S2R ,S2C 0.6 0.7 0.6 0.7 0.6 0.7 0.6 0.7 0.6 0.7 0.6 0.7 
Z2R&C      0.39       
 
3.2 Results 
     Fig.3 and Fig.4 show the evaluation results of the sealing ability of all the six caprocks relative to their reservoirs 
in Liujiagou formation. In Fig. 3, the curve with round points represent the results of the new measures from 
equation (9) and the curve with square points are obtained with   2 &+ /b F R CP P Z  which does not consider the 
formation thicknesses. The new measure considering the thickness presents higher sealing ability. Fig.4 shows the 
amplification effect comparing to the traditional measure. 
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4. Conclusions 
(1) New quantitative measures for characterizing the sealing ability of caprock with pore networks were 
developed for CO2 geological storage.  
(2)  The new measures are actually a synthesis of numerous conventional and commonly used parameters, which 
are related to the maximum pressure the caprock can sustain to prevent the CO2 leak to the topmost position of the 
caprock.  
(3) Even only the capillary sealing mechanism is considered, the thickness of caprock can plays a key role in the 
sealing ability of the caprock. The measures are capable of reflecting the role of formation thicknesses in addition to 
the traditional capillary sealing mechanism and the formation pressure sealing mechanism. 
(4) The new measures imply that the sealing ability of a caprock is the behavior of the whole system of caprock 
and reservoir. In other words, the sealing ability of a caprock is relative to the reservoir. 
(5) Case study shows that the new measure usually predicts higher sealing ability than that by the traditional 
measure mainly due to the consideration of formation thickness. 
(6) The new measures may be also applicable to evaluations of natural gas caprocks.  
(7)  Heterogeneity and non-isothermal conditions are not investigated here, which may be the next-step work. 
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